A modified thaw-mount technique is described for the autoradiographic localization of 2-( 3H) deoxy-D-glucose in the rat brain. The demonstration of highly labeled individual cell bodies in characteristic sites proves that a resolution on the cellular level has been achieved. Attempts to recover these cells in autoradiographs of semithin sections after resin embedding by vascular perfusion of fixatives, dehydrating, and embedding media were unsuccessful.
Introduction
There have been various attempts to solve the technically difficult problem of the autoradiographic localization of diffusible substances. The way that seems to be favored by most investigators is the use of cryostat sections. Appleton (1964) proposed to place them in contact with precooled emulsioncoated slides and to expose them at low temperatures, whereas Stumpf recommends "thaw-mounting" of cryostat sections on warm emulsion or "dry-mounting" of freeze-dried sections (Stumpf, 1970 ). An alternate approach involves freeze-drying of tissue blocks and impregnating them with a resin. The blocks may then be cut on a microtome or an ultramicrotome, and the sections emulsion-coated in a conventional way (Stirling and Kinter, 1967) . The above techniques have been used to localize such substances as steroid hormones, sugars, drugs, and inorganic ions (see Roth and Stumpf (1969) , Fischer and Werner (1971) , Rogers (1973) for references).
One compound that has recently attracted considerable interest among neurophysiologists is labeled 2-deoxy -Dglucose (DG). Autoradiographic visualization of the accumulation of radioactivity (essentially DG-6-P) in the tissue is used to measure the local glucose consumption thereby activity of the various structural and functional components of the central nervous system as well (Plum et al., 1976 , Sokoloff et al., 1977 . In the beginning, investigators were satisfied with 'Presented in part at the AUTORADIOGRAPHY WORKSHOP on April 11, 1980, as part of the program at the annual meeting of the Histochemical Society, held in New Orleans, Louisiana, April 11-15, 1980. 'Dedicated to Professor Werner Maurer on the occasion of his 75th birthday.
mapping the DG uptake of larger brain areas or entire functional systems. For this purpose, a technique employing ( 14C)DG and X-ray film autoradiography has been developed by Sokoloff and co-workers (Kennedy et al., 1975) . Attempts to improve the resolution of the method have been rare, although, depending on the problem, it may be important to ascertain the functional state of single cells. In this regard, Sharp (1976) introduced the use of ('H)DG to replace ( 14 C)DG. The present article describes the successful adaptation of a modified thaw-mount technique to the autoradiographic localization of ( 3 H)DG in the rat brain. It was possible to achieve a resolution on the cellular level, and thereby demonstrating the presence of individual cell bodies accumulating high concentrations of the tracer.
Another approach to solve the resolution problem by use of resin-embedded tissue was published by Des Rosiers and Descarries (1978) . They used a sophisticated technique of perfusion with fixatives and embedding media through the vascular system that resulted in autoradiographs of semithin sections of spinal cord tissue. Our DG accumulating cells detected by use of the thaw-mount technique seemed to be a good test material with which to verify the usefulness of such a time-consuming and expensive procedure. We have therefore undertaken parallel investigations using perfusion of media and embedding into resin in order to assess the degree of retention of ( 3 H)DG in these cells and to seek further improvements of the DG method.
Materials and Methods
Male Wistar rats, 300-350 g, received 2-(1,2 3 H)deoxy-D-glucose (New England Nuclear, specific activity 40 Ci/mmol), dissolved in saline, either by intravenous (iv), intraperitoneal (ip), or stereotaxic administration into the left lateral cerebral ventricle (ic). The animals were kept in a quiet area of the lab and killed after 45 min. The different experimental routines are summarized in Table 1 .
Thaw-mount autoradiography. For thaw-mount autoradiography, the rats were decapitated and the brains quickly removed. Tissue blocks including the anterior commissure and the mammillary bodies were prepared by coronal sections. These specimens were placed on cryostat tissue holders, which were immediately immersed with their bases into liquid nitrogen. Due to the rapid heat exchange capacity of the metal holders, even large tissue blocks (1-2 cm 3 ) were frozen within 60-90 sec without the appearance of major cracks. The blocks were stored in liquid nitrogen and warmed to -30°C before sectioning. 10 p.m sections were cut at 50 µm intervals at the same temperature in a cryostat under the dim red light of a dark room. Individual sections were collected on slides that had been precoated with Kodak NTB 2 or NTB 3, air dried and stored at -30°C. In order to ensure a good contact of tissue and emulsion, the sections were mounted by touching the back of the slide with a finger. By scrutinizing the change of the section's transparency, the exact moment of thawing was determined. Immediately thereafter the slide was placed in a slot of a large metal block; thus a rapid refreezing of the tissue was achieved. After photographic exposure at -30°C, the slides were brought to room temperature, fixed in phosphate-buffered formalin (4%, 30 min), developed in Kodak D-19 (15°C, 3 min) and fixed in sodium thiosulfate (30%, 20 min). Every other section was stained with methylene blue, and all sections were dehydrated and mounted in Entellan.
Embedding procedure. Before vascular perfusion, the rats received 2-2.5 ml Nembutal (1%, ip). Fixation media consisted of 1% paraformaldehyde and 1% glutaraldehyde dissolved in 0.16 M cacodylate buffer (pH 7.4, 680 mosmol) and 4% paraformaldehyde and 5% glutaraldehyde in 0.16 M cacodylate buffer (pH 7.4). 500 ml of the former were administered through the ascending aorta within 10 min and 150 ml of the latter within 5 min. Aldehyde fixation was followed by perfusion with 500 ml cacodylate buffer (10 min). In two animals, postfixation (1% osmic acid, 250 ml, 10 min), rinsing (200 ml distilled water, 10 min), and dehydration (50% acetone 500 ml, 10 min, and 100% acetone, 500 ml, 15 min) was performed by vascular perfusion of the upper half of the body; this included also the administration of the embedding media (acetone-Araldite mixtures 1:2, 1:1, 2:1, Araldite without catalyst, Araldite plus catalyst, 50 ml each). In two other rats, the brains were isolated after perfusion with aldehydes and buffer. Coronal sections up to 500 µm thick were cut with razor blades and tissue blocks excised that contained either periventricular areas, hippocampus or corpus callosum. These specimens were postfixed in 1% osmic acid (60 min); rinsing, dehydration, and embedding were carried out on a conventional but shortened schedule (2 hrs in total). In this case, the resin was Epon that contained 3% (w/w) of the scintillator PPO (cf. Kopriwa (1979) ).
Coronal I µm sections of whole brains or isolated brain regions were cut on a Jung 1140 microtome using large glass knives made on a LKB Histo Knife Maker. Sections were floated on acetone:water (1:4). They were mounted on slides that were dipped in Kodak NTB 3 emulsion and exposed at 4°C. Developing and fixation was identical to that of the thaw-mount autoradiographs.
Controls for positive and negative chemography were included both for the thaw-mounted and resin-embedded materials. They showed no conspicuous alterations of silver grain densities or distributions.
In the experiments performed by perfusion of fixatives and embedding media, the amount of radioactivity in the outflow of each medium was measured by liquid scintillation counting, after discarding the blood. Grain densities were determined on 7200 µm 2 sections from two animals, each section composed of similar cortical areas of 5 thaw-mount autoradiographs (NTB 2, exposure time: 32 days) and 5 semithin sections of material perfused with fixatives and resin (NTB 3, exposure time: 37 days) and corrected for background outside the sections.
Results

Thaw-Mount Autoradiographs
The thaw-mount autoradiographs of the brains of the systemically injected animals showed diffuse label spread rather uniformly over all regions of the diencephalon and telencephalon. Standing out against this diffuse label, spots of markedly elevated grain density could be observed at characteristic sites (Figures 1, 2) . In that respect, no differences were noted between conscious and anesthetized animals nor between animals injected via the intravenous or intraperitoneal route. In counterstained sections, the label could be related to the area of cell nuclei, indicating the presence of a high concentration of radioactivity in individual cell bodies ( Figure  3) . The grain density was at least 10 times that of the general label in these sites. As a rule, the DG-accumulating cells dominate in periventricular areas. This includes certain sec-tions of white matter such as corpus callosum, fornix, and stria medullaris thalami. The detailed distribution pattern has been described in a previous communication (Wagner et al., 1979) . The autoradiographs did not reveal enough cytological details for a clear identification of the cells. Judging from their size and the appearance of their nuclei, they could be either small neurons or glial cells.
The thaw-mount autoradiographs of the intracerebrally injected rats confirmed the above observations. The radioactivity was distributed throughout the entire brain. The cells described above were readily recognized and found mostly in the same locations as after systemic application of the tracer (Figures 2, 3) . Whether the distribution pattern was precisely identical for the two application routes was not thoroughly examined.
The degree of confinement of the label to the cell bodies seems to be rather sensitive to flaws in the technique. There is, for example, a tendency for the boundaries of the spots of high grain density to become less sharp in the periphery of the tissue block. In one instance, the tissue block had detached from the cryostat holder and was, apparently without thawing, exposed to an elevated temperature in an attempt to reattach it. As a consequence only traces of the labeled cells were left, even in the center of the block.
Resin-embedded Autoradiographs
The autoradiographs of the semithin sections of resinembedded brain tissue showed a much lower labeling intensity than the thaw-mount autoradiographs. Comparing the grain densities of the diffuse label in cortical areas, the thaw-mount preparations had an average grain density of 52.5/1000 µm 2 , whereas that of the semithin sections was 2.7/1000 µm 2 . In none of the characteristic sites described above could individual cells with a grain concentration above the general label be found. A considerable fraction of the injected radioactivity was recovered in the outflow of the various perfusion media from the upper body half. Specifically, the following amounts were found: aldehyde fixatives 50 tCi, buffer 50 tCi, osmic acid 30 tCi, distilled water 10 MCi, acetone 7 tCi, and embedding media less than 1 .tCi.
Discussion
The present results show that the thaw-mount technique is good enough to prevent a major dislocation of either the labeled DG or DG-6-P. Our approach may be compared to that of Sharp (1976) , who used a modified Appleton technique to localize ( 3 H)DG in cryostat sections of rat brain. He reported insignificant differences in grain density between nerve cell bodies and neuropil that neither proves nor disproves a cellular resolution. By contrast, the observation of individual cells accumulating high concentrations of the tracer demonstrates unequivocally that a resolution on the cellular level has been obtained.
With regard to methodical sophistication, the thaw-mount technique used in the present investigation is probably not the optimum that can be achieved. The main disadvantage is the process of thawing of the section on the emulsion. We have tried to limit the damage caused by this step by keeping the time period necessary for thawing and refreezing as short as possible. Other shortcomings are the low freezing rate as well as cutting and exposure at relatively high temperatures. We feel, however, that these can be tolerated as long as it does not appear necessary to improve the localization of the tracer beyond that presently achieved.
The nature of the system of cells detected by our modification of the DG method and the reason for this high uptake has been discussed previously (Wagner et al., 1979) . It is an interesting additional finding of the present article that these cells can also be demonstrated following intracerebral application of the tracer. This renders it unlikely that the phenomenon can be explained by local variations of the DG transport rate, e.g., due to a regional variability of the blood-brain barrier. The hypothesis was put forward that we are dealing with a fraction of astroglia in a certain functional state, although an unequivocal distinction between nerve and glial cells could not be made. We therefore attempted to achieve a better structural preservation as an aid in identifying tissue components by crytological criteria. Ideally, this should include the ultrastructural level. From this point of view, the method of choice would be resin-embedment of the tissue. Under certain circumstances, conventional fixation and embedding seems to be compatible with a cellular retention of the phosphorylated ( 3H)DG. A case in point is the retina, where localization of the tracer in single neurons has been reported (Basinger et al., 1979) . Most probably this successful demonstration was facilitated by the dimensions of the isolated retina, which does not exceed 200 µm in thickness. A comparable approach modified to allow for the large volume of the brain was used in the present investigation. It was carried out by short perfusion of the animals with aldehydes and buffer, followed by conventional but rapid embedding of brain tissue slices.
A more radical approach was published by Des Rosiers and Descarries (1978) . These authors injected large amounts of ( 3 H)DG in rats and performed the perfusion not only with aldehydes and buffer but also with osmic acid, distilled water, dehydrating, and embedding media. In autoradiographs of semithin sections of spinal cord, they showed differences in grain density between grey and white matter. Differential labeling within these zones is not apparent from their pictures. They claimed that no substantial loss of radioactivity occurred during their procedure. We have adopted the above technique after injecting the same amount of radioactivity as in the thaw-mount experiments. Thus the autoradiographs could be roughly compared on a quantitative basis. The fact that NTB 3 emulsion is more sensitive than NTB 2 is probably of minor importance when using tritium (Rogers, 1973) . The differences in section thickness should not have much effect on grain counts. Taking the data of Maurer and Primbsch (1964) , this factor could account for no more than a 25% reduction in grain density. It turned out that the loss of radioactivity is indeed severe, and this is substantiated by the amounts of radioactivity found in the processing media. This finding is probably not surprising. A premise for the retention of diffusible compounds, under conditions where diffusion is not hindered by low temperatures, is binding by glutaraldehyde to tissue proteins. In contrast to amino acids, sugars are not apt to bind to glutaraldehyde (Ockenfels et al., in press) .
It is hard to see how such a substantial leaking of radioactivity can occur without marked dislocation of the tracer inside the tissue. This reasoning is supported by the fact that neither conventional processing nor perfusion with fixatives, embedding media, and resin proved effective in demonstrating our DG-accumulating cells. In view of this failure and of the high cost of the technique, it seems doubtful whether this approach should be pursued further.
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